Liquid repellent, icephobic and self-cleaning surfaces are of interest in industrial applications, including solar panels, self-cleaning windows, wind turbines, and automotive and aerospace components. In this study, a coating using a simple and scalable fabrication technique was used to produce superliquiphobic surfaces with a low tilt angle. The coating comprises hydrophobic SiO 2 nanoparticles with a binder of methylphenyl silicone resin to achieve superhydrophobicity. After ultravioletozone treatment of the coating, an additional coating of fluorosilane was deposited to achieve superliquiphobicity with low tilt angle. Data for these coatings are presented showing the ability to repel water and oil, anti-icing properties down to −60°C, self-cleaning, and the ability to maintain superliquiphobicity in hot environments up to about 95°C, after soaking in deionized water for more than 200 h at room temperature and for about 50 h at 50°C and 70°C, and in chemical environments with low pH values. The coatings were found to be mechanically durable. Detailed characterization for anti-icing provides an insight into the mechanisms of icephobicity.
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Liquid repellent, icephobic and self-cleaning surfaces are of interest in industrial applications, including solar panels, self-cleaning windows, wind turbines, and automotive and aerospace components. In this study, a coating using a simple and scalable fabrication technique was used to produce superliquiphobic surfaces with a low tilt angle. The coating comprises hydrophobic SiO 2 nanoparticles with a binder of methylphenyl silicone resin to achieve superhydrophobicity. After ultravioletozone treatment of the coating, an additional coating of fluorosilane was deposited to achieve superliquiphobicity with low tilt angle. Data for these coatings are presented showing the ability to repel water and oil, anti-icing properties down to −60°C, self-cleaning, and the ability to maintain superliquiphobicity in hot environments up to about 95°C, after soaking in deionized water for more than 200 h at room temperature and for about 50 h at 50°C and 70°C, and in chemical environments with low pH values. The coatings were found to be mechanically durable. Detailed characterization for anti-icing provides an insight into the mechanisms of icephobicity.
This article is part of the theme issue 'Bioinspired materials and surfaces for green science and technology'.
Introduction
Wettability of a solid surface depends on its surface chemistry and surface roughness. For a flat surface with low surface energy, the maximum achievable water contact angle (CA) is about 120° [1] . In order to achieve CA higher than 150°, the surface roughness is used, referred to as roughness-induced superhydrophobicity [2] [3] [4] . For self-cleaning, anti-icing, low adhesion and low drag, another property of interest is contact angle hysteresis (CAH), which is the difference between advancing and receding contact angles. CAH is a measure of energy dissipation of a droplet as it flows along a surface. Low CAH results in a low tilt angle (TA) [3, 4] .
At the extremes of the surface wettability spectrum, superliquiphilic and superliquiphobic surfaces exist which provide desirable properties. The ability to control the wettability of a surface relies on the ability to create hierarchical roughness and to control the surface chemistry. This has been inspired by nature through the observation of living surfaces such as the superhydrophobic and self-cleaning lotus leaf [3] [4] [5] . Hierarchical roughness can change a hydrophobic surface with a water contact angle CA ≈ 110°to a superhydrophobic surface with a water CA > 150°and water CAH or tilt angle TA < 10°. Similarly, hierarchical roughness combined with a hydrophilic surface results in superhydrophilicity (water CA < 10°). When surface energy is lower than that of liquid surface tension (e.g. oils), the liquid droplets can be repelled and the surface is known as superliquiphobic (liquid CA > 150°, liquid TA < 10°). In order to repel oils with very low surface tension and surfactant-containing liquids, hierarchical morphology with overhanging geometry, so-called re-entrant geometry, is needed [2, 6] .
To introduce surface roughness, SiO 2 nanoparticles which exhibit high hardness and high mechanical durability are often used with a rigid polymeric binder such as silicone for superhydrophobicity [7] . To repel low surface tension liquids (e.g. oils), fluorosilanes having low surface energy are often used. Muthiah et al. [8] , Wang & Bhushan [9] , Martin & Bhushan [10] and Bhushan & Martin [11] obtained hexadecane CA of 156°using as small as 10 nm diameter SiO 2 nanoparticles combined with methylphenyl silicone resin with a top layer of fluorosilane. These coatings exhibit good repellency to water, low surface tension oils and surfactant-containing liquids, anti-smudge properties and fingerprint resistance, self-cleaning and optical transparency on various substrates, such as polymers, metals and ceramics [11] . These coatings also exhibit high mechanical durability. However, the ability to maintain superliquiphobicity in hot and wet environments and chemical environments has not been investigated.
Icephobicity covers a variety of situations relevant to de-icing, including low ice adhesion strength, minimum contact time, delayed ice crystallization and droplet bouncing [4] . Shedding of supercooled liquid droplets from a frozen surface can be enhanced by liquid repellency, by means of the application of superhydrophobic or superoleophobic coatings with low CAH or TA [12, 13] . During icing, ice adhesion strength is dependent upon ice-solid contact area. On a rough superhydrophobic surface with low CAH, the ice adhesion strength has been shown to be weaker as compared with a surface with high CAH [14] . Even if frost forms on the surface, the underlying surface is still hydrophobic and the action of the water droplet rolling across the surface is sufficient to remove the weakly adhered ice.
Various studies have been carried out to fabricate icephobic surfaces [4, 12, 13, [15] [16] [17] [18] [19] [20] . A commonly used approach is to design surfaces to which ice minimally adheres, ideally such that the ice debonds under its own weight or due to natural factors such as wind. Ice adhesion strength of various surfaces has been measured. The ability of the surface to sustain the icephobic properties in a humid atmosphere and at extremely low temperatures down to −60°C when ice crystals entirely cover the surface has not been reported.
In this study, a coating using a simple and scalable fabrication technique was used to produce superliquiphobic surfaces with a low tilt angle. These coatings were characterized for wettability with water and oil, icephobicity, ability to survive in hot and wet environments and chemical environments, self-cleaning and mechanical durability.
Experimental details
In this section, the fabrication technique of the coating is presented. Next, the characterization techniques used for wettability, icephobicity, self-cleaning, and mechanical and chemical durability are discussed. 
(a) Fabrication method
Various polymers, metals, ceramics and glass are among the commonly used materials in industrial applications. As an example, thermosetting polymers with high thermal stability, low level of water absorption and low flammability are used for some applications [21] . Polysulfone polymer is used in various automotive, energy harvesting and medical applications. In this study, glass slide (Fisher Scientific) and natural polysulfone (UDEL ® , P-1700 PSU, Trident Plastics)
substrates were used. The typical substrate size for the glass and polysulfone samples was 15 mm by 15 mm. Coatings consisting of hydrophobic SiO 2 nanoparticles and a binder of methylphenyl silicone resin with or without functional layers were used to obtain combinations of superhydrophobic/philic and superoleophobic/philic properties [4] . The schematic of the fabrication method is shown in figure 1 . Hydrophobic, 10 nm SiO 2 nanoparticles were selected because they have high hardness for wear resistance and high visible transmittance for transparency. Other commercial options for nanoparticles such as ZnO (zinc oxide) and indium tin oxide of a similar diameter and surface treatment could be used in place of the SiO 2 nanoparticles with similar results [7] . The methylphenyl silicone resin was selected because it is known to be durable and to offer strong adhesion between the nanoparticles and substrate. The superoleophobic method required ultraviolet-ozone (UVO) activation and deposition of fluorosilane. UVO activation creates a very active surface and is adaptable to various substrates and was selected in this study [10, 11] .
For the coating mixture, 350 mg of hydrophobic silica nanoparticles (10 nm diameter, Aerosil RX300) were dispersed in 30 ml of acetone (Fisher Scientific). This mixture was sonicated using an ultrasonic homogenizer (20 kHz frequency at 35% amplitude, Branson Sonifer 450A) for 15 min. Then, 140 mg of methylphenyl silicone resin (SR355S, Momentive Performance Materials) was added for a particle-to-binder ratio of 2.5. This ratio was found to be optimum to achieve highest CA and lowest TA [11] . The mixture was then sonicated for an additional 15 min to form the final mixture [9] [10] [11] .
On a substrate, 1 ml of the coating mixture was deposited via spray gun (Paasche ® ) from 10 cm away with compressed air at 210 kPa. The sample was transferred to an oven at 70°C for 5 min to remove the remaining solvent. Next, the samples were irradiated using UVO treatment, with the samples placed 2 cm underneath the lamp source for 60 min. generated from a U-shaped, ozone-producing, ultraviolet lamp (18.4 W, model G18T5VH-U, Atlantic Ultraviolet Co.). It is expected that this lamp outputs a total of 5.8 W of 254 nm light, 0.4 W of 185 nm light and 1.6 g h −1 of ozone in ambient conditions. The lamp was placed in an enclosure and was connected to an electronic ballast (120 V, model 10-0137, Atlantic Ultraviolet Co.) in order to provide the proper electrical conditions [10] . To achieve superoleophobicity, one drop of trichloro(1H,1H,2H,2H-perfluorooctyl)silane (448931, Sigma Aldrich) was vapour deposited on the sample using a closed container. The sample was attached to the top of the container via double-sided sticky tape with the surface facing down, and the droplet was placed on the bottom of the container. This set-up allowed the fluorosilane gas to uniformly coat the sample. A vapour deposition time of 30 min was used.
(b) Characterization techniques
In this section, various characterization techniques for the samples are described. These characterization methods include surface morphology, contact angle and tilt angle measurements, icephobicity, high-temperature durability, chemical durability, self-cleaning and wear tests.
(i) Surface morphology
For surface morphology measurements, an optical microscope (Nikon Optiphot-2) and atomic force microscope (AFM) (Oxford MFP-3D Infinity) with a tip (resonant frequency f = 67 kHz, spring constant k = 3 N m −1 ), operating in contact mode were used [22, 23] . Surface height maps were taken using an AFM to determine the topography of the coated samples.
(ii) Wettability Apparent contact angle and tilt angle data were measured using a standard automated goniometer (model 290, Ramé-Hart Inc.) with 5 µl deionized (DI) water and hexadecane droplets (with a diameter of a spherical droplet of about 2.1 mm) deposited onto the samples using a microsyringe. Contact angle was measured by taking a static profile image of the liquid-air interface and was analysed using the DROPimage software. Tilt angle refers to the angle when the droplet just began to roll off the sample surface. Contact and tilt angles were averaged over at least five measurements on different areas of the sample and reported with mean and ±σ [4] .
(iii) Icephobicity
In previous studies, icephobicity tests have been conducted typically at a low temperature of −18°C [12, 13] . In automotive and aerospace applications, the automobiles and aircraft can be exposed to temperatures as low as −60°C in winter months. In this study, tests were performed at a low temperature of −60°C. For detailed icephobicity characterizations, the following tests were performed: (1) roll-off adhesion behaviour of supercooled water droplets (−18°C) on frozen surfaces at either −18°C or −60°C, (2) effect of freeze-thaw cycles on wettability and (3) effect of freezing time on roll-off adhesion behaviour.
To study the roll-off adhesion behaviour of supercooled water droplets on frozen superliquiphobic surfaces, samples were placed on an inclined aluminium block with a 10°s lope in a freezer with fog at −18°C. To achieve −60°C, dry ice pellets were used. The inclined aluminium block was placed inside a box containing dry ice pellets. The fog was introduced in the freezer using a commercial fogger to accelerate the formation of ice crystals. To realize supercooled water, DI water in a sealed container was placed in the freezer at −18°C. After approximately 2 h, the DI water had not frozen, meaning it was supercooled. Supercooled water droplets with 0.5-2 mm diameter were dropped onto surfaces, and the surfaces were photographed.
To study the effect of freeze-thaw cycles, the samples were frozen for 2 h at either −18°C or −60°C followed by thawing samples for 30 min in ambient. Then, wettability (CA, TA) was measured after 1, 10 and 100 freeze-thaw cycles. To study the effect of freezing time, samples were frozen for 2, 10 and 100 h at −60°C followed by rolling supercooled droplets on surfaces inclined with a 10°slope.
(iv) High-temperature durability
Temperatures up to 80°C can be encountered inside automobiles exposed to hot ambient in summer months [11] . The 80°C temperature is lower than the glass transition temperature of polysulfone (190-230°C). Methyphenyl silicone becomes fluidic above 95°C; therefore, at 80°C, mechanical integrity is expected to be maintained. Tests were performed up to a maximum temperature of 95°C.
Liquiphobicity of the coating at high temperature was examined by measuring wettability of hot droplets on a hot sample. A beaker containing water or hexadecane and coated samples were placed individually on the hot plate. Temperatures were recorded using a digital thermometer placed in the beaker. The digital thermometer did not touch the sides of the beaker, and the liquid in the beaker was constantly stirred. Using a dropper, a droplet of liquid from the beaker was placed on the sample for about 1 min. An image of the droplet was taken, and apparent contact angle was calculated. The droplet temperature was verified with the digital thermometer and was found to be the same as the temperature in the beaker.
(v) Soaking durability
In some applications, components may be exposed to humid environments or may even be soaked in water. Soaking tests were performed by soaking the sample in DI water at ambient, 50°C and 70°C for up to about 200 h. Samples were periodically taken out and the contact angles were measured every 24 h.
(vi) Chemical durability
In some applications, components can be exposed to a range of pH. In this study, the effect of the pH range of 3-7 on wettability was studied. The coated polysulfone samples were dipped into two acidic environments of 0.5 mM and 0.05 mM H 2 SO 4 in DI water with pH 3 and 5, respectively, for 1 s, and wettability (CA, TA) was measured after 1, 10 and 100 cycles. The data for pH = 7 were obtained using DI water.
(vii) Self-cleaning
The self-cleaning properties were examined by contaminating the sample with silicon carbide particles. Silicon carbide (SiC, Sigma Aldrich) particles of size 10-15 µm were dispersed in a glass chamber (0.3 m diameter and 0.6 m high) by blowing 1 g of SiC powder for 10 s at 300 kPa. After dispersion, the particles were allowed to settle on the sample mounted on a 45°tilted stage for 30 min. The contaminated sample was then secured on a stage tilted at 10°, and water droplets (total volume of 5 ml) were dropped onto the surface from 1 cm in height. The samples were imaged before and after the contamination tests. The ability for the water droplets to remove particles was quantified using image analysis software (SPIP 5.1.11, Image Metrology A/S, Horshølm, Denmark) [4] .
(viii) Wear test
Wear tests were performed using a ball-on-flat tribometer [22] . A 3 mm diameter sapphire ball was fixed in a stationary holder. A load of 10 mN was applied normal to the sample, and it was put into a reciprocating motion for 100 cycles. Stroke length was 6 mm with an average linear speed of 1 mm s −1 . The surface was imaged before and after the experiment using an optical microscope with camera (Nikon Optihot-2) [4] .
To further investigate the effect of any wear damage on the wettability, hexadecane tilt angles were measured before and after the wear experiments. The hexadecane droplets were dragged over the wear track to examine for any impediment of the motion of the droplet. In another measurement, the surface was tilted in order for the droplet to roll over the wear track and any increase in the tilt angle was measured. In a third measurement, the droplet was deposited directly onto the wear track and the surface was tilted to measure any increase in the tilt angle or pinning of the droplet [19] .
Results and discussion
Surface morphology, wettability, icephobicity, high-temperature durability, chemical durability, self-cleaning and wear resistance data of the coatings are presented. The coatings were deposited on glass and polysulfone substrates.
(a) Surface morphology
The optical micrographs and AFM surface height maps of coated glass and polysulfone substrates, are shown in figure 2. RMS roughness and P-V distance data based on AFM measurements are also presented. The lateral size of surface asperities is of the order of 5 µm. It is important to have surface features less than the size of the liquid droplets to allow the formation of air pockets desired for superliquiphobicity. igure 3. Droplets deposited on various samples with different liquid repellency states. The superhydrophobicity was achieved through nanoparticle-binder coating. Superliquiphobicity was achieved through nanoparticle-binder coating followed by fluorosilane vapour deposition. Figure 4 . Video still photographs demonstrating repellency of liquids by comparing water and hexadecane droplets deposited on inclined, as-received and nanoparticle-binder and fluorosilane-coated surfaces. On the as-received substrates, the water and hexadecane droplets spread. On the coated surfaces, the droplets of water and hexadecane rolled off. (Online version in colour.)
superliquiphilic, and after fluorosilane vapour deposition samples became superliquiphobic. It should be noted that UVO-treated samples with time may show some hydrophobic recovery; therefore, fluorosilane deposition was carried out soon after the UVO treatment. Figure 4 shows video still photographs of liquid droplets on 10°inclined samples. As-received surfaces show spreading of water and hexadecane droplets, but superliquiphobic samples show water and oil repellency.
(c) Icephobicity Figure 5 shows the effect of freezing temperature on contact angle. Supercooled DI water droplets (at −18°C) placed on as-received polysulfone form acute contact angles at 0°C, −18°C and −60°C. Supercooled DI water droplets placed on superliquiphobic polysulfone at 0°C, −18°C and −60°C are spherical, with contact angle of about 160°, indicating icephobicity.
Anti-icing behaviour refers to the ability of a surface to prevent water from freezing on the surface. This behaviour was tested using supercooled water droplets released onto superliquiphobic surfaces inclined at 10°. Figure 6 shows the supercooled droplets (−18°C) placed on surfaces at −18°C. Frost was formed on both as-received and superliquiphobic glass and polysulfone samples at −18°C, as observed in higher magnification images. The supercooled water droplets froze on the as-received hydrophilic surface immediately after deposition on the sample at −18°C. Water droplets rolled off the superliquiphobic surfaces before freezing on the glass slide. The same behaviour was observed in samples at −60°C, as shown in figure 7a. Figure 9 . Photographs of as-received and coated polysulfone surfaces frozen at −60°C and thawed in ambient for various periods. On the as-received surface, puddles of water were formed but the superliquiphobic coating got completely clean after about 80 s. (Online version in colour.) Figure 7b shows the side view of a supercooled water droplet on a superliquiphobic polysulfone surface. Frost crystals can be clearly seen. Figure 7c shows the droplet's pathway after a supercooled water droplet rolls off. Ice crystals were removed from the surface by the water droplet. The supercooled water droplet rolled off the superliquiphobic surface due to the high water contact angles exhibited by this surface. Additionally, as it rolled across the surface, the water droplet removed ice crystals due to the reduced ice adhesion strength caused by a reduced ice-solid contact area. This is in agreement with previous studies that show that ice adhesion strength on rough surfaces has good correlation with CAH or tilt angle, and therefore the ice-solid contact area [14] . Table 2 . Contact angles and tilt angles for DI water droplets after a number of freeze-thaw cycles. To observe the state of the samples immediately after thawing, as-received and superliquiphobic polysulfone samples inclined at 10°were exposed to ambient after freezing for 2 h at −60°C. Optical photographs of surfaces after thawing for various periods are shown in figure 9 . After 1 min, both samples thawed. After thawing for 80 s, the as-received sample remained covered with a puddle of water, but the superliquiphobic polysulfone surface was clean of the water as it probably slid off.
To study how freeze-thaw cycles affect icephobic properties of the superliquiphobic surfaces, multiple freeze-thaw cycles were carried out for superliquiphobic samples at −18°C and −60°C and the contact angles and tilt angles of surfaces were measured. Figure 10 and table 2 present water contact angles and tilt angles after 100 freeze-thaw cycles. Both samples remained superliquiphobic, but a slight decrease in contact angle was observed on samples after 100 cycles at −60°C. The optical micrograph shows spots of missing coating, which can explain the decrease in the contact angle.
To study how freezing time affects icephobicity, figure 11 shows superliquiphobic glass and polysulfone samples after freezing for 2, 10 and 100 h, followed by rolling supercooled droplets on surfaces inclined at 10°slope. Before freezing, both substrates were clean of frost, and the water droplets rolled off. After 2 h frost occurred but the water droplets rolled off the surface. After 100 h, rolling behaviour of water droplets was sustained. Figure 12 shows a schematic illustration of how icephobicity is maintained after frost. On the left side, a water droplet is sitting on the superliquiphobic surface at ambient. The spherical shape is maintained by air pockets formed on the surface. On the right side, a supercooled water droplet is placed on the frozen superliquiphobic surface partially covered by snowflakes; air pockets are retained on the surface, providing the spherical shape of the water droplet. Furthermore, as stated earlier, even if some frost forms on the surface, the ice adhesion strength is lower on a superhydrophobic rough surface with low TA. The underlying surface is still hydrophobic and the action of the water droplet rolling across the surface is sufficient to remove the weakly adhered ice on a rough surface.
(d) High-temperature durability
The ability to sustain superliquiphobic properties at a high temperature of 95°C was examined. Figure 13 shows the contact angles of water and hexadecane droplets at ambient, 50°C, 80°C, The contact angle with hexadecane droplet started to decrease slightly above 85°C to 146°± 2°at 95°C. Tilt angles could not be measured, as experiments were performed on a hot plate. Based on watching droplet movement while tilting the hot sample, tilt angles did not change either with water droplets; however, these increased for hexadecane droplets above 85°C to about 15°at 95°C. The data suggest that the liquid repellency is maintained up to about 95°C.
(e) Soaking durability
The ability to sustain superliquiphobic properties after soaking in DI water at ambient, 50°C and 70°C up to about 200 h was examined. Figure 14 shows water contact angles and tilt angles as a function of soaking time in DI water at temperatures of 22°C, 50°C and 70°C. The coated glass and polysulfone surfaces retained the contact angle greater than 150°and tilt angle less than 10°a fter 220 h of soaking at 22°C. After soaking for 50 h at 50°C and 70°C, contact angles dropped below 150°and tilt angle increased above 10°. Hot water after some time may start to hydrolyse the coating surface and be responsible for the loss of wettability. Table 3 presents CA and TA of polysulfone superliquiphobic samples after exposure in acidic conditions. No changes in contact and tilt angles were observed after 100 dipping cycles for 1 s.
(g) Self-cleaning Figure 16 shows optical images of as-received glass and polysulfone substrates and superliquiphobic surfaces covered by silicon carbide particles and after dropping the water droplets on samples inclined at 10°. The bar charts show measured per cent particles removed by water droplets. The sliding behaviour of the water droplet on the as-received surface clumps together the debris, and does not remove it. The rolling behaviour of droplets on superliquiphobic surfaces effectively removes debris from the coatings. To understand the mechanism of self-cleaning of superliquiphobic surfaces, water droplets were placed on a glass substrate and a superliquiphobic surface contaminated with red chili flakes and mounted on an inclined block with a 10°slope. Figure 17 shows video stills of droplets on Figure 17 . Video still photographs of water droplet on tilted and contaminated glass substrate and superliquiphobic surface. Water droplet on the glass substrate surface slid slowly, whereas it rolled over a superliquiphobic surface, taking the contaminants with it. (Online version in colour.) the two surfaces. A water droplet slid over the glass substrate slowly whereas it rolled over a superliquiphobic surface, taking the contaminants with it.
(h) Wear test Figure 18 . (a) Photographs before and after wear experiment using ball-on-flat tribometer using a 3 mm diameter sapphire ball with 10 mN load on the coated glass and polysulfone surfaces. (b) Images of hexadecane droplets before and after wear. Droplets were dragged over the wear track in the direction of arrows. Before the wear test, droplets rolled off the surface at 2°± 1°tilt angle. For the worn samples, droplets placed to the right of the wear track rolled over the defect at 5°± 1°tilt angle, and droplets placed directly on the wear track rolled over the defect at 22°± 2°tilt angle. (Online version in colour.)
and polysulfone-coated surfaces. In order to determine any degradation in the wettability of the wear track, hexadecane droplets were dragged over the wear track, rolled over the track, and placed on the wear track and rolled over, as shown in figure 18b . Droplets could be dragged over the wear track and also rolled over the wear track. To allow droplets placed on the wear track to roll, the tilt angle increased, which is expected. The wear data suggest that the surface remained liquiphobic after wear experiments. 
Conclusion
To fabricate liquid repellent, icephobic, self-cleaning, and mechanically and chemically durable surfaces, a nanoparticle-binder coating method was chosen due to its ease of deposition, flexibility in substrate application and excellent scalability. Nanoparticle-binder coating with a top layer of fluorosilane exhibits superhydrophobicity and superoleophobicity with low tilt angle, and icephobicity down to the temperature of −60°C. It maintained liquid repellent properties up to a high temperature of 80°C and chemical durability in the pH range of 3-7. The coating exhibited self-cleaning properties with high mechanical durability. It is shown that a water droplet rolls on a superliquiphobic surface and takes contaminants with it. The anti-icing properties of the coating were examined at temperatures of −18°C and -60°C. The supercooled water droplets rolled over the frozen superliquiphobic samples and bounced off the surfaces. The superliquiphobic properties of the coatings were maintained after 100 h of freezing at −60°C, and after 100 freeze-thaw cycles from −60°C to ambient.
Superliquiphobic properties of the coating were maintained on heated surfaces up to about 95°C, after soaking in DI water for more than 200 h at room temperature and for about 50 h at 70°C, and after 100 dipping cycles in acidic water solution at pH 3. The coating exhibited self-cleaning properties with high mechanical durability. The coatings demonstrate promise in industrial applications.
Data accessibility. This article has no additional data. Competing interests. We declare we have no competing interests. Funding. The financial support for this research was provided in part by the Ford Research and Innovation Center, Dearborn, MI, and a seed grant GOGCAP from the Center for Applied Plant Sciences (CAPS) of The Ohio State University.
